Introduction
In recent decades, the environmental and energy issues have become more and more severe, which make the population of WLEDs (white light emitting diodes) become urgent since they have many advantages over traditional lighting, for example, good reliability, high brightness and long service time.
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Currently, a phosphor-converted WLED is the main approach to realize white light, in which the phosphor serves as the key material for governing the colour characteristics. [6] [7] [8] [9] In the commercial market, the most popular fabrication of WLEDs is InGaN blue-emitting chips, coating with yellow-emitting YAG:Ce. However, this combination faces the problems of low colour rendering index (CRI < 75) and high correlated colour temperature (CCT z 6000 K) resulting from the shortage of emission in the red region, which has a restriction on application in medical and indoor lighting. Researchers (ref. 14)) which can mix with YAG:Ce. Nowadays, with the development of chips, the realization of white light by UV-A (315-400 nm) chips coating with tri-colour phosphors was expected to dominate the market since the improved CRI can make the light be warmer and more similar to natural light.
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Moreover, since the UV light is invisible to naked eye, the performance of WLEDs in this combination strongly depends on the emission spectra of phosphors, making the luminescence properties easy to control. In this way, it is urgently needed to search for new phosphors matching well with the commercial UV chips to meet the requirement of warm white light. Novel emission phosphors can be sought in a variety ways, e.g., exploring new host through single-particle-diagnosis approach, 17 utilizing energy transfer between different dopants, 18 designing isostructural solid solutions, 19, 20 and adjusting the metal-ligand hybridization and crystal eld splitting by cationic/anionic substitutions. The ionic substitution of host frequently employed in Ce 3+ and Eu 2+ ions doped phosphors since the energy levels of outmost 5d orbits are easily affected by the coordination environment. Moreover, the spinand orbit-allowed electron transition results in intense luminescence intensity which is one of the key factors for application. to form the as-prepared phosphors.
Characterization techniques
Phase identication of our as-prepared phosphors was conrmed by powder XRD analysis operated on AXS D8 (Bruker) with radiation of CuKa (l ¼ 0.15405 nm) at 40 kV and 40 mA. The photoluminescence emission and excitation spectra were collected on Hitachi uorescence spectrophotometer (F-7000) with excitation source being 150 W xenon lamp. Diffuse reectance spectra measurement was performed on Hitachi spectrophotometer (U-4100-UV/Vis) using BaSO 4 as standard reference. For the luminescence dynamic measurement, the signals were collected on digital oscilloscope (Lecroy Wave Runner 6100, 1 GHz) with tunable laser serving as excitation source (pulse width: 4 ns, gate: 50 ns). Photoluminescence quantum yield (QY) of our prepared samples was collected on C9920-02 absolute quantum yield system (Hamamatsu Photonics K.K., Japan). The spectra at different temperatures were operated on Edinburgh Instrument spectrophotometer (FLS 920) equipped with temperature controller. The EL spectrum, CIE coordinates, colour rendering index (CRI), and colour temperature (CCT) of the fabricated LED device were measured by Starspec SSP6612.
Results and discussion

Phase analysis
Phase purity of our prepared phosphors is checked by powder Xray diffraction and the typical patterns have been shown in Fig. 1 
where hn represents the photon energy; E g is the optical band gap value; n ¼ 1/2 and 2 corresponds for indirect and direct transition, respectively; A stands for a constant; F(R N ) stands for Kubelka-Munk function reported by Kubelka and Munk in 1931, which can be written as 32 . In this way, a red shi is expected other than a blue shi. However, the emission of Eu 2+ is also affected by nephelauxetic effect arising from the covalency between cation and ligands. The electronegativity of Ga (1.81) is higher than that of Al (1.61), which will enlarge the electron-cloud overlap of Ga-O. In this case, the covalency of Eu-O connected in Eu-O-Ga will decrease and nally cause the emission shi to a short wavelength. Thus, the blue shi is the result of both crystal eld splitting and nephelauxetic effect due to the decrement of bond length and covalency of Eu-O.
In order to obtain the optimal doping concentration of Eu 
in which b and k are constants in a given condition; q ¼ 6, 8 and 10 stands for electric dipole-dipole (d-d), dipole-quadrupole (d-q), and quadrupole-quadrupole (q-q) interactions, respectively; x is the concentration of Eu 2+ ions. To get a precise value of q, the relationship between log(I/x) and log(x) is plotted aer taking logarithm on eqn (4). Correspondingly, the value of q obtained from the slope of the tting line as shown in Fig. 5(c Fig. 7 , the optimal doping concentration is y ¼ 0.02 for the Ce 3+ doped samples. When the value of y is more than 0.02, the energy migration among Ce 3+ ions has a negative effect on the emission intensity. The relation between Ce 3+ luminescence intensity and its doping concentration has also been illustrated in Fig. 7 for a clearly view. One can also see that the emission spectra have a small red shi with the increment of Ce 3+ content, resulting from the variation of the crystal eld splitting samples have been measured and illustrated in Fig. 8 . The average lifetimes of the samples can be determined by the following equation:
where I(t) represents the emission intensity of activators at time Fig. 9 . The autoionization model has some limitations and is only suitable for the phosphors that the 5d energy level of rare earth ions is close to the conduction band minimum well before the 4f-5d crossing point. The congura-tional diagram depicts relationship between energy and ionic degrees of freedom for both ground and excited state of a material and is extremely successful in demonstrating various luminescence processes. Here, the latter one is employed to demonstrating the thermal quenching of prepared phosphors. Under UV irradiation, the electrons of activators can be excited from ground state (point a) to excited state (point b). The excited electrons will modify the forces inside the crystal and alter the average atomic positions from X 0 to X * 0 , leading to the crossing of the 5d and 4f energy curves. 42 At low temperature, the excited electrons will go back to ground state with light emission aer dissipation some energy through phonon relaxation and the crystal will also returns to its original ground state geometry. However, at high temperature the excited electrons can absorb the phonon energy and be thermally activated to the crossing point. Finally, the electrons at crossing point decay nonradiatively to the ground state, making the thermal quenching appear. This phenomenon will be more severe with temperature increasing. Energy difference between point e and c is called activation energy (DE) which affects the thermal stability of phosphors directly. The value of DE can be determined by the following modify Arrhenius equation:
where I 0 the initial emission intensity, I T stands for the emission intensity at different temperatures, A is a constant for a given host, k is the Boltzmann constant (8.629 Â 10 À5 eV K À1 ).
The inset of Fig. 9 and 65.2%, respectively. Since the value of quantum yield can be easily affected by the morphology, crystallinity and size of the phosphor, the F can be further improved by optimize the preparation condition and phosphor composition. Fig. 10(a ) on a 365 nm UV chip. The corresponding EL spectrum and digital photograph has been depicted in Fig. 10(b) . The Ra and CCT values for the fabricated white LED device with CIE coordinates being (0.359, 0.320) are determined to be 82.1 and 4232 K, respectively. 
Conclusions
